Different processing technologies have been applied by the food industry to control food spoilage and disease causing microorganisms. Due to changing consumer expectations for fresh and safe food, there is a need for alternative processing technologies that are clean and green with no harmful residual effects. Light acting on some natural plant compounds produces reactive oxygen species which are lethal to some pathogens and this phenomenon of photosensitization would be an attractive alternative treatment to chemical preservatives for the decontamination of food and extending shelf life of fresh produce. Curcumin is a natural polyphenolic compound from the spice turmeric (Curcuma longa L.) and has been identified as an efficient photosensitizer for inactivation of a broad range of food related microorganisms. Curcumin-based photosensitization has shown promise in extending the shelf life of fresh date fruit, oysters, salads and other minimally processed foods. It has been very effective against pathogenic bacteria such as Escherichia coli O157:H7, Listeria monocytogenes and Vibiro parahaemolyticus. It has significantly reduced the Aspergillus flavus conidia, hyphae and carcinogenic fungal toxin aflatoxin B1 in maize kernels. The promising results obtained from the application of photoactivated curcumin in food systems suggest that this treatment could be an efficacious and cost-effective method to inactivate a broad range of food borne pathogens.
INTRODUCTION
There is an increasing demand for safe and fresh food products, which is rooted from the increased consumer awareness about the possible side effects of common synthetic preservatives. Despite advances in preservation technologies, foodborne diseases occurring through microbial contamination are still a major cause of concern in the food industry leading to huge monetary losses. Cold plasma, ozone, sonication, novel packaging approaches, and irradiation are among the introduced preservation techniques in the food industry. One of the major drawbacks of the majority of introduced antimicrobial techniques is the significant investment in specialized equipment, which in turn limits their industrial applications. Thus, food industry is still seeking a simple and cost-effective technology that not only inactivates and reduces food pathogens, but also maintains the nutritional and sensory attributes of the treated food product. The antimicrobial characteristic of light has been widely investigated in decontaminating food products such as conducting pulsed light technology and UV irradiation to preserve fruit juices, vegetables, fruits, and meat products [1] [2] [3] . Moreover, UV irradiation has found its way for industrial application such as disinfection of surfaces, water, and air, with limitations in food applications due to the possible adverse impacts on food quality as well as consumer health 4 . Visible light has recently gained interest in decontaminating food products with minimized adverse impact on quality. Research has shown the higher phototoxic ability of blue light region of visible light spectrum (400-500 nm) 5 , which combined with a photosensitizer exhibits enhanced phototoxic efficiency 6 . This technique, known as either photosensitization or photodynamic technology, has been recently introduced to the food industry as a practical, green, and costeffective alternative to current harmful chemical preservatives.
Photosensitization is based on using a component known as photosensitizer, which exhibits cytotoxicity against a broad range of microorganisms once being subjected to the required wavelength of light, either UV or visible 7 . The photoexcitation of photosensitizer gives rise to the production of reactive oxygen species through two different pathways, viz. type I and type II. Free radicals are produced through transferring hydrogen or electron to the surrounding substrates (which is usually oxygen) in the former, whereas transferring energy to the triplet oxygen gives rise to singlet oxygen generation in the latter pathway. The produced reactive radicals swiftly interact with essential cellular components such as proteins, lipids, and more specifically nucleic acids, and therefore exhibiting lethal action towards microorganisms 8, 9 . This multi-target attack led to microbial inability to pass on the resistant genes, and therefore no microbial resistance has been reported so far. The efficiency of photosensitization in inactivating microorganisms depends not only on the phototoxic ability of the photosensitizer, which usually is defined by its capacity to produce reactive oxygen species in particular singlet oxygen, but also on the morphological characteristics of the target microorganism. The latter is attributed to the composition and morphology of membrane, however, its growth status can also have an influence in this treatment 10 . Various natural photosensitizers, such as chlorophyllin and hypericin, have been introduced to the food industry 8 . However, the valuable yellow pigment isolated from turmeric (Curcuma longa), with well-known biological activities, has recently gained a huge interest in food related applications. Turmeric containing curcumin as the major component has been traditionally used to heal skin diseases with the aid of sunlight. More recently, research has shown the phototoxic activity of curcumin by being subjected to the wavelength with its maximum absorbance (ca. 430 nm) 11, 12 .
The promising phototoxicity of curcumin against a wide range of microorganisms has been widely demonstrated in both clinical and food studies, including Aspergillus flavus 11 , Candida spp. 13 , Enterococcus faecalis 14, 15 , Escherichia coli 15 , Lactobacillus spp. 16 , Listeria innocua 17 , L. monocytogenes 5 , Pseudomonas aeroginosa, Salmonella enterica serotype Typhimurium, Staphylococcus epidermidis 18 , S. aureus 19, 20 , Streptococcus mutans 21 , S. intermedius 15 , and Vibrio parahaemolyticus 22 . Penha et al. (2017) studied the curcumin phototoxicity against selected harmful bacteria in the food industry. Using 75 µM curcumin led to 3.50 log CFU/ml reduction in S. aureus at 470 nm using light doses of 139 and 278 J.cm -2 , while a complete inactivation was achieved through a higher light dose of 417 J.cm -2 . A similar trend was observed against E. coli and Aeromonas hydrophila. However, P. aeroginosa showed to be the least susceptible organism to the treatment, with no significant decrease in its population 23 . In another study, a considerable reduction in the population of S. aureus and E. coli was obtained by 6 log CFU/ml using 20 µM curcumin along with 13 J.cm -2 , where incubation prior to illumination showed no significant effect on the photoinactivation 24 . The photoinactivation of Burkholderia cepacia, a Gram-negative aquatic pathogen, was also investigated using curcumin in combination with ethylene-diamine-tetra-acetic acid (EDTA). An almost 4-log CFU/ml reduction was observed in the investigated organism via 30 min blue-LED (light emitting diodes) illumination in the presence of 50 μM curcumin with 0.4% EDTA 25 .
Interestingly, treating selected food products by curcumin-mediated photosensitization has shown effective control over microbial spoilage. The efficiency of curcumin-mediated photosensitization on the storage quality of fresh-cut Fuji apple inoculated with E. coli was investigated by Tao et al. (2019) . The inoculated fruits were treated by different concentrations of curcumin and illuminated at 4-cm distance from 420 nm LEDs. A reduction in E. coli population on the apple slices was achieved, with a significant reduction in polyphenol oxidase and peroxidase activity by 48% and 51%, respectively, leading to browning and weight loss prevention in apple slices. There was a slight change in ascorbic acid and total phenolic content as well as the antioxidant capacity of the treated slices. The results showed an increase in curcumin concentration and illumination time led to a better inactivating efficiency of the treatment 26 . A 4-day increase in Pacific oysters' shelf life at 5 °C was achieved through curcumin-mediated photosensitization, with better odour retention and less off-odour generation. A higher concentration of free amino acids and a lower concentration of free fatty acids was observed in treated oysters, with no significant change in texture. According to the results of this study, photosensitization delayed the decay process in oysters compared to the untreated ones 27 . Photoinactivation of E. coli O157:H7 and L. innocua inoculated on the surface of spinach, tomatoes and lettuce was investigated by 10 min UV-A illumination, where acidified curcumin as the photosensitizer was applied to the surface of samples via conventional spray-atomization or aerosolization. Almost 3-log CFU/ml reduction was obtained in the population of investigated microorganisms, with no adverse impact on the quality attributes such as color and texture 28 . Curcumin-based photosensitization resulted in approximately 7 log CFU/ml reduction in E. coli count in vitro, however, about 2 log reduction was obtained in the population inoculated on the surface of grapes (1.6 mM curcumin). However, the photosensitized grapes showed better quality retention during storage compared to the untreated ones 29 .The photoinactivation ability of edible hydrogel coatings prepared from cassava starch and gelatin containing curcumin or gelatin containing turmeric residue was investigated. The developed coating was evaluated both in vitro against L. innocua and in vivo on inoculated sausages using UV-A light. Over 5 log CFU/ml reduction in L. innocua population was obtained through 5 min illumination. The bacterial count on treated sausages was reduced by 3 log CFU/ml after 5 min illumination of curcumin contained hydrogels and 15 min illumination of the turmeric residue contained ones. The results of this study showed the potentiality of developed antimicrobial coating in preventing cross-contamination in refrigerated sausages 30 .
The efficacy of curcumin-based photosensitization to inactivate Aspergillus flavus spores in suspension was investigated, in which equal aliquots of spore suspension were mixed with curcumin solution of different concentrations (5 -100 µM). To activate the phototoxicity of curcumin, samples were illuminated by a Xenon Arc light source at 420 nm with various light doses (0 -84 J.cm -2 ). The light dose was calculated considering illumination time and specific power indicated for the applied wavelength. The results showed that spore viability was indirectly proportional to the curcumin concentration and light dose, i.e. increasing the curcumin concentration up to 50 µM together with an increase in light dose resulted in an additional reduction in spore viability of up to 3 log CFU. Moreover, no difference was observed between the control and the light treated samples (without curcumin) (Fig. 1) . The results clearly showed that the highest efficiency in photoinactivation was achieved at 84 J.cm -2 using 15, 25, or 50 µM concentrations of curcumin 11 . Figure 1 . The impact of different combinations of curcumin concentration and light dose on the count of Aspergillus flavus spore suspension. The significant differences are shown by asterisk (p<0.05) 11 .
Furthermore, photoinactivation of selected food spoilage fungi was studied using 800 µM curcumin as photosensitizer and Xenon Arc light to illuminate samples at 430 nm with different light doses. The studied fungi include Aspergillus niger, A. flavus, Penicillium chrysogenum, P. griseofulvum, Fusarium oxysporum, Candida albicans, and Zygosaccharomyces baili. According to the results, over 70% reduction in spore/cell viability was obtained using the highest light dose of 360 J.cm -2 , with complete reduction of C. albicans, A. niger, Z. bailii, and F. oxysporum (Fig. 2) . The highly reactive oxygen species produced through illumination of a photosensitizer are responsible for the microbial inactivation that can be used in microbial decontamination of food related surfaces 12 . Figure 2 . The reduction in fungal spore/cells by curcumin-based photosensitization using 800 µM curcumin at various light doses. Different letters within a fungal species are significantly different (p<0.001) 12 .
Reducing aflatoxin B1 production in Aspergillus flavus inoculated maize
The impact of curcumin-based photosensitization on aflatoxin generation on inoculated maize was also investigated, using Xenon Arc light at 420 nm and 60 J.cm -2 . The stock solution of curcumin was prepared by dissolving curcumin in ethanol, followed by diluting to the required concentration using phosphate buffer saline solution (pH 7.4). Then, in order to evaluate the efficiency of photosensitization in reducing the aflatoxin production, maize kernels were inoculated with A. flavus conidia and treated using curcumin (50 μM) as photosensitizer (1:1, photosensitizer:kernels), followed by storage at 26°C for 10 days. As can be seen in Figure  3 , a significant reduction in aflatoxin B1 was achieved in treated maize (82.4 μg/kg), compared to the untreated maize (305.9 μg/kg) 31 . This study demonstrated the efficiency of curcumin phototoxicity in reducing aflatoxin production. 
CASE STUDIES Conducted by Our Research Group

Fungal inactivation by curcumin-based photosensitization
Increasing shelf life of fresh dates
Since fungal growth is the main spoilage issue in a number of fresh fruits and vegetables, the efficacy of curcuminbased photosensitization in controlling fungal spoilage and subsequently extending the shelf life of fresh dates was investigated. Three different concentrations of curcumin (1000, 1400, and 1800 µM) were applied on fresh dates, which were illuminated at two different light doses of 180 and 270 J.cm -2 and illumination times of 10 and 15 min. This was followed by storing the fresh dates at 4 and 30 °C, until fungal growth was visually observed. The fungal free shelf life of the treated dates (1400 µM curcumin for 10 min) was increased by three and two times to that of the untreated control, when stored at 4 and 30 °C ( Fig. 4 a,b ). Furthermore, no adverse impact was observed in the physico-chemical properties of the investigated dates 32 . 
CONCLUSION
Curcumin-based photosensitization has exhibited promising antimicrobial efficacy against a wide range of food spoilage microorganisms, resulting in an increased shelf life with minimal adverse effects on quality criteria of the treated foods. Curcumin has shown to be a practical photosensitizer, which not only is safe to be consumed, but also does not degrade to toxic compounds upon illumination. Moreover, our studies demonstrated a significant reduction in the formation of carcinogenic mycotoxins such as aflatoxin by curcumin-based photosensitization. Overall, photosensitization can be considered as a safe, green, and cost-effective alternative to present preservation techniques and has the potential to be scaled up to an industrial-level.
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